NASA Langley Research Center has been developing 2-micron lidar technologies over a decade for wind measurements, utilizing coherent Doppler wind lidar technique and carbon dioxide measurements, utilizing Differential Absorption Lidar (DIAL) technique. Significant advancements have been made towards developing state-of-the-art technologies towards laser transmitters, detectors, and receiver systems. These efforts have led to the development of solid-state lasers with high pulse energy, tunablility, wavelength-stability, and double-pulsed operation. This paper will present a review of these technological developments along with examples of high resolution wind and high precision CO 2 measurements in the atmosphere. Plans for the development of compact high power lasers for applications in airborne and future space platforms for wind and regional to global scale measurement of atmospheric CO 2 will also be discussed.
INTRODUCTION
Solid-state 2-micron laser is a key subsystem for a coherent Doppler lidar that measures the horizontal and vertical wind velocities with high precision and resolution [1] . The same laser can also be used in a Differential Absorption Lidar (DIAL) system for measuring atmospheric CO 2 concentration profiles [2] . Development of a high energy, high efficiency, high beam quality, single frequency, compact and reliable solid state 2-micron laser is critically needed for such lidar systems. A high-energy 2-micron laser is the instrument of choice for coherent Doppler wind detection. In addition to the eye-safety, the transmission wavelength of the transmitter suitably matches the aerosol size in the lower troposphere. 2µm coherent Doppler lidar transmitter has come a long way since the early 1990s where the output was limited to few thousandth of a joule. Today, the output has exceeded 1.1 joule [3] .
Space-borne lidars have not only laser transmitter energy requirements but also efficiency and advanced thermal management necessities. Space lidars using 1-micron laser as their transmitter have proven records for successfully applying fully conductively cooled laser technologies to transfer the heat from laser heads to radiator either by advanced heat pipe technology or by elegant design to directly attaching the laser head heat sink to radiator. However, it is much more difficult to apply conductively cooled technology to 2-micron laser. 2-micorn lasers, by the quasi-four level system nature, are not as efficient as 1-micron lasers. Thus, more heat needs to be dissipated through the thermal management system under the same power requirements compared to 1-micron lasers. In addition, the slab geometry that most of the 1-micron lasers are using is more suitable for applying conductively cooled technique than that of the rod geometry utilized by the current 2-micron lasers design. Conductively cooled 2-micron lasers recently have been demonstrated [4, 5] . One of the approaches described in these papers transfers the heat generated by both pump diode lasers and laser crystal to heat sinks by heat pipes. This advanced thermal management provides efficient heat removal that the 2-micron laser requires. By passively cooling the laser, the total efficiency of the laser system is significantly enhanced as well.
Engineering hardened coherent Doppler wind lidar using high energy 2-micron laser transmitter cannot be overlooked. The laboratory system should be hardened and fielded both on ground and airborne environment. Efforts are devoted to develop a compact, rugged 2-micron lidar transceiver that will meet the stringent operational and environmental requirements. Over the last few years, research in the area of 2-µm laser technology for wind and carbon dioxide measurement has concentrated on primarily improving the efficiency and increasing the energy. For applying this technology to ground field lidar measurements, to airborne, and eventually to space-borne missions, it is crucial to ruggedly package the state-of-the-art technology to meet the field mission requirements. We are developing a compact, engineered 2-micron coherent Doppler wind lidar transceiver to address the challenge. The packaged transceiver will certainly meet the requirements of the ground and airborne field missions. It will be as close to perform UAV autonomous validation and an envisioned spaced based Doppler wind lidar as possible. This provides further opportunity to address and manage risks associated with the system. This development advances the readiness of such a laser system for space lidar applications. This paper discusses an engineering hardened 2-micron Doppler wind lidar transceiver, and shows some examples of Doppler wind and CO 2 concentration measurements.
ENGINEERING HARDENED 2-µM COHERENT DOPPLER WIND LIDAR TRANSCIEVER
The design specifications of this engineered transceiver are listed in Table 1 . This engineered transceiver consists of four lasers: a continue wave solid state seed laser at wave length of 2.053µm with linewidth at kilo Hz range, a power oscillator capable producing >100mJ/pulse energy, an amplifier operating at double pass configuration, and an alignment laser. The goal for the output energy is 250mJ at 10Hz pulse repetition rate.
One of the general design guidelines for space-qualifiable lasers is to operate all the optical components at appropriately de-rated levels. It is particularly important to de-rate pump diode lasers to achieve longer operational lifetime. To reach the maximum population inversion of the Ho:Tm solid state lasers, the pump duration for laser gain medium can be as long as 1ms, due to the long life time of the laser up-level. However, even though the duty cycle of the pump diode arrays is as low as 1%, they still experience significant heat during such a long pulse period. A pump diode array can produce 14.4W average power at 120A pump current. These diodes will be de-rated to 11W average power at lower pump current. Thus, the pump diodes are operated at 76% of their designed peak optical powers. In addition to de-rate the pump diodes' operational current, the laser fluence is kept ~50% below the damage level of the optical components inside the oscillator cavity and in the amplifier optical pass. To obtain single longitudinal frequency, the power oscillator is injection seeded by a CW solid-state laser operating at 2.053µm. The ramp and fire technique is used to lock the laser at the seed laser frequency. The electronic control system has been updated to utilize FPGA and digital filters to improve the control, flexibility, and injection seeding reliability and stability. The output of the power oscillator is amplified by a laser amplifier which is operated at double pass configuration. By double pass the amplifier, it increases the amplifier extraction efficiency and thus the entire transceiver efficiency. For practical and economical reasons, the transceiver does not adapt the fully conductively cooled 2-micron laser technique, which is developed as a separate task. Instead, a partially conductively cooled laser and amplifier are utilized in the transceiver. The laser bench is temperature controlled to maintain the laser energy stability. To achieve high laser efficiency, the laser is designed to operate at 5 °C. The power consumption is less than 600W disregarding the chiller -y pr t power. Half of the power is used by pump diodes. The rest of the power is shared between the seed laser, Q-switch driver, frequency modulator, PZT mirror driver and electrical control system.
Both sides of the optical bench are designed to hold optical components. The power oscillator, laser amplifier and alignment laser are mounted at one side of the optical bench (left side in figure) . The seed laser, isolators, receiver detectors and fiber couplers are at the other side of the optical bench (right side in figure) . The two sides are optically coupled through a hole in the optical bench. All the optical mounts are custom designed to withstand at least 2.0 g-rms vibration, sufficient for an airborne field missions. Part of receiver is also included in this transceiver. Among them are the transmit/receive (TR) switch, a quarter wave plate, a frequency modulator to shift the seed frequency by 105MHz, and a dual channel signal receiver. The atmospheric returning signal is fiber coupled into the dual channel receiver, where it mixes with the local oscillator, partially spitted from the seed laser. This transceiver did not include a telescope and associated scanner.
The transceiver size is 26 by 6 by 10 inches and it is sealed and purged with nitrogen. This size of transceiver can be adapted to an airborne system in an airplane.
The performance of the oscillator has been evaluated at different repetition rates in terms of the energy performance. The oscillator can generate 115mJ at the pump energy of 3.37J. The Q-switched laser slope efficiency is greater than 9% with optical conversion efficiency of 3.4%. The pulse width meets the design specification, which is longer than 180ns. Any value larger than 150ns is acceptable. The oscillator performance is depicted in the figure three. The amplifier performance has been characterized as well. Figure 4 shows the energy performance of the amplifier. At the probe energy of 93mJ, it amplifier generates 250mJ and 350mJ for single pass and double pass amplification, respectively. Notice that the x-axis represents the total pump energy for the laser transmitter, which include the pump energy for both the oscillator and amplifier. The output energy requirement for the laser is 150mJ with goal of 250mJ. The goal can be achieved with the single pass amplifier. It should be also pointed out that this energy was obtained at the derated pump energy. We are confident that the compact laser can meet or exceed the design specifications.
DEMONSTRATED PULSED COHERENT 2 µM DIAL CO2 MEASUREMENT PERFORMANCE
During 2007, a coherent DIAL based on pulsed 2 µm laser technology demonstrated precise and accurate atmospheric CO 2 concentration measurement. The laser transmitter is a Q-switched Ho:Tm:LuLiF laser with 90mJ output energy at 5Hz. The laser transmitter has been coupled with a coherent heterodyne receiver for measurements of CO 2 concentration using aerosol backscatter. Wind and aerosols are also measured with the same lidar and provide useful additional information on atmospheric structure. depicts an atmospheric CO 2 DIAL measurement result as compared to an in-situ CO 2 sensor measurement. The DIAL shows excellent performance in accuracy and precision. Both sensors show an approximate rise of 8 ppm before sunrise, followed by an approximate 10 ppm decline. The short term peaks and valleys between the two sensors cannot be strictly compared because the two sensors are probing different volumes of air. However, the DIAL is also detecting short term variations. The DIAL precision in these measurements is calculated at better than 0.7% and is expected to meet the 0.5% requirement at the conclusion of this proposed effort. The detail of this measurement can be found in the appendix. [6] The DIAL measurements also contain information on aerosol content and wind. Aside from vertical wind measurements coincident with zenith-viewing DIAL, the horizontal wind vector was measured every half hour during the DIAL set. The wind profiles, shown in Figure 5 , were made with the lidar beam pointed in three different directions to take measurements of the horizontal and vertical wind. The first two directions were made at 30-degree elevation angle and orthogonal azimuths to find the two components of the horizontal wind vector. The third look direction was taken with the beam at zenith to measure vertical wind. The vertical wind speed and backscatter power form the lower two panels of Figure 6 . Measurement of the horizontal wind profile reveals additional structure of the atmosphere including a nocturnal jet, wind shear, and variation of the wind vector with altitude. Wind data combined with the CO 2 concentration can be used to determine the transport of CO 2 in horizontal and vertical directions. The horizontal wind speed shows a 
CONCLUSION
A hardened 2µm laser has been designed and built. This diode pumped injection seeded MOPA has a transform limited line width and diffraction limited beam quality. Although it is primarily designed as a wind Doppler lidar, with minimal modification it can be used as a Differential Absorption Lidar (DIAL) instrument for CO 2 sensing. In addition to being used as a field instrument, the laser will also be used as an engineering design tool for evaluating essential wind Lidar parameters for a long term flight instrument.
ACKNOWLEGEMENT
This work was supported by the NASA Laser Risk Reduction Program managed by the Earth-Sun System Technology Office.
